Abstract: Six field trials were conducted over a 2-yr period (2014 and 2015) at two locations in southwestern Ontario to compare the level of weed control provided by dicamba applied alone and in combination with dimethenamid-P applied before planting (preplant, PP) in glyphosate-and dicamba-resistant soybean to current industry standards when used in a two-pass weed management program. Crop injury, weed control, soybean seed yield, environmental impact (EI), and profitability were evaluated in this study. No statistically significant injury was documented. Several PP herbicides provided excellent early-season grass and broadleaf weed control, although early-season weed control of those weed species was not acceptable with glyphosate applied alone or in combination with dicamba, dicamba + dimethenamid-P, 2,4-D, or saflufenacil. At 8 wk after application, the sequential application of a PP herbicide followed by glyphosate applied after emergence (POST) provided at least 86% control of the weed species evaluated in this study. Weed interference with no herbicide treatments caused a soybean seed yield loss of 64%. The sequential application of glyphosate had the lowest EI value. The addition of chlorimuron + metribuzin or chlorimuron + imazethapyr did not increase the EI substantially but did improve the level of weed control and reduced weed density and biomass. The inclusion of a PP herbicide in a weed management program has several stewardship benefits and may reduce the selection for herbicide resistant weeds.
Introduction
Soybean [Glycine max (L.) Merr.] is one of the most important grain crops produced in Ontario. In 2015, soybean was grown on 1.2 million ha across Ontario, producing over 3.6 million tonnes of soybean, valued at nearly CAD$1.6 billion (Kulasekera 2016) . Weed management is a critical component of successful soybean production in the province.
To maximize soybean yield, the crop must be maintained weed-free during the critical weed-free period (CWFP). The CWFP varies depending on the relative time of weed and crop emergence, weed species composition and density, soybean row spacing, and soybean seeding rate. Assuming a yield loss of 5% is acceptable, the CWFP in soybean begins at the V 1 stage and ends at the V 4 stage (Mulugeta and Boerboom 2000; Knezevic et al. 2003) . Failure to control weeds during the CWFP can reduce soybean yield by as much as 80% (Halford et al. 2001) .
Because glyphosate does not provide residual weed control, sequential applications of glyphosate in glyphosate-resistant (GR) soybean may be required during the CWFP to achieve acceptable weed control (Gonzini et al. 1999; Nurse et al. 2006; Stewart et al. 2011) . The repeated use of a herbicide with a single mode of action may select for herbicide-resistant (HR) weed biotypes and is therefore not recommended (Nurse et al. 2006) . Two-pass weed management strategies of an effective herbicide(s) applied before planting (preplant, PP) or before emergence (preemergence, PRE) with residual activity, followed by an in-crop postemergence (POST) herbicide, frequently results in excellent full-season weed control (Gonzini et al. 1999; Soltani et al. 2012) . Full-season control minimizes soybean yield loss due to weed interference and reduces selection pressure for HR weed biotypes.
Glyphosate-and dicamba-resistant (DR) soybean will be available for commercial use in Canada for the first time in 2017. Dicamba is a systemic broadleaf herbicide that is active on many broadleaf weed species including several GR weed species found in Canada, such as Canada fleabane [Conyza canadensis (L.) Cronq.], giant ragweed (Ambrosia trifida L.), common ragweed (Ambrosia artemisiifolia L.), and waterhemp (Amaranthus rudis J. Sauer). In addition, dicamba provides control of GR weed species not currently found in Canada including Palmer amaranth (Amaranthus palmeri S. Wats.) (Johnson et al. 2010; Spaunhorst et al. 2014) . The addition of the dicamba resistance gene in soybean will allow for an additional herbicide option for broadleaf weed control. Dicamba can be applied PP, PRE, or POST in DR soybean, making it attractive to use in a two-pass weed management program; however, there is currently little information on the efficacy of two-pass weed management in DR soybean.
Environmental impact (EI) should be considered when developing weed management programs (Gianessi 2005; Brookes and Barfoot 2015) . One way to measure the environmental impact of a herbicide program is to determine the environmental impact quotient (EIQ). The EIQ has been used successfully in the past to compare the potential environmental risk of weed management programs (Fernandez-Cornejo 1998; Brimner et al. 2005; Stewart et al. 2011; Soltani et al. 2012 ). The risk is calculated based on toxicological and physiochemical factors among three main environmental components: the farmworker, consumer, and ecosystem (Kovach et al. 1992; Fernandez-Cornejo 1998) . Each component is then subdivided to reflect all facets that may be affected by the application of one or several active ingredients.
Higher EI values identify chemicals that may have a greater risk of negatively impacting the environment. To our knowledge, no study has evaluated the environmental impact and profitability of two-pass weed management systems in no-till DR soybean.
The objectives of this study were to evaluate the crop injury, weed control, soybean yield, profitability, and EI of various two-pass weed management systems in no-till DR soybean.
Materials and Methods
Six field experiments were conducted over a 2-yr period (2014 and 2015) in southwestern Ontario at two sites: the University of Guelph -Ridgetown Campus, Ridgetown, ON, and the Woodstock Research Station, Woodstock, ON. Data including seeding date, herbicide application dates, soybean growth stage, and weed densities and stages are presented in Table 1 .
Experiments were conducted using a randomized complete block design with four replications. Each replicate included a weedy (untreated) and weed-free control. The weed-free plots were maintained weed-free throughout the growing season by applying a tank mix of glyphosate (900 g a.e. ha −1 ) + imazethapyr (100 g a.i. ha −1 ) + ) was also made at the V 4 soybean growth stage and represented the second herbicide application timing in the two-pass weed control programs evaluated.
The study was designed to compare the level of weed control provided by dicamba (XtendiMax® with VaporGrip® Technology Herbicide 350 SL formulation, Monsanto) applied PP on its own (600 g a.e. ha −1 ) or in a tank mix at 300 g a.e. ha −1 with dimethenamid-P (544 g a.i. ha
) to DR soybean in a two-pass weed management system grown in a no-tillage environment to several current industry standards (Table 2) .
Soybean injury was assessed visually at 2 and 3 wk after emergence (WAE) on a scale of 0 (no injury) to 100 (complete soybean death). Weed control was assessed visually on a scale of 0 (no control) to 100 (complete control) at 3 wk prior to the in-crop application of glyphosate, and 4 and 8 wk after the POST application of glyphosate (weeks after application B, WAA B ). The species assessed included velvetleaf (Abutilon theophrasti Medik.), common ragweed (A. artemisiifolia), redroot pigweed (Amaranthus retroflexus L.), common lambsquarters (Chenopodium album L.), barnyardgrass [Echinochloa crus-galli (L.) P. Beauv.], and green foxtail [Setaria viridis (L.) P. Beauv.] . At 3 WAE, weed density and dry weight were determined by counting the number of weeds present within a 1 m 2 quadrat randomly placed within each plot.
After counting, the weeds were cut at ground level, separated by species, and placed in paper bags and dried in a kiln at 60°C for 1 wk and dry weights were recorded for each species. Soybean yield data were collected by harvesting the middle two rows of the four-row plots using a small plot combine. All yield data were adjusted to 13% moisture prior to analysis. All data were subjected to analysis of variance (ANOVA) using PROC MIXED in SAS version 9.4 (SAS Institute Inc., Cary, NC). No significant interactions between environment and treatment were detected (p > 0.05), therefore data from all experiments were combined across years and locations. Variances were separated into fixed and random effects. Fixed effects included herbicide treatment while random variances were chosen to include environment (year and location), block nested within environment, and treatment × environment interaction, such that any treatment inferences made would be more broadly applicable than to just the six environments examined (Yang 2010) . A p value of p < 0.05 was used to determine the significance of the random and fixed effects when using a Z test and F test, respectively. To confirm the assumptions of the ANOVA were met, PROC UNIVARIATE was applied and confirmed using residual plots and a Shapiro-Wilk's test for normality. All weed control data required an arcsine square root transformation, weed density and dry weight were transformed using a log transformation, and yield data did not require a transformation. All data were back-transformed to their original scale for presentation purposes and treatments were separated using Fisher's protected least significant difference at p < 0.05.
The EI of each herbicide program was determined using EIQ values from Kovach et al. (1992) . To calculate the EI for each herbicide treatment, the EIQ for each active ingredient (a.i.) was multiplied by the amount of a.i. applied, in kg a.i. ha −1 . All treatments included multiple herbicide applications and many included multiple herbicide active ingredients. In the case of glyphosate, the EI was multiplied by two to account for the two herbicide applications, PP and POST. The EI for each herbicide program is presented in Table 7 . A partial profit analysis was also conducted to determine the profitability of each herbicide program (Table 7) . Gross profit was determined by multiplying plot yield by the average soybean price in Ontario for the month of October of each year (B. Andrews, personal communication). Herbicide costs were calculated based on herbicide prices for each year reported by AGRIS Cooperative Ltd. (Food and Agriculture Organization of the United Nations, Rome Italy). Application costs were based on data reported by Ontario Ministry of Agriculture, Food and Rural Affairs in their annual Field Crop Budgets -Publication 60 annual publication (OMAFRA 2016a). For products that weren't available for sale in 2014, the 2015 herbicide price was used; products that are not yet available on the market were excluded from the profit analysis. Data were analyzed using the PROC MIXED procedure mentioned above. A square root transformation was used on the data to satisfy the assumptions of the ANOVA. 
Results and Discussion

Soybean injury
No statistically significant visible soybean injury (<5%) was observed in this study (data not presented).
Weed control
At 3 WAE, glyphosate (900 g a.e. ha −1 ) applied PP provided 32%-54% and 14%-15% broadleaf and grass control, respectively, prior to the in-crop application of glyphosate (Table 2) . At 3 WAE, glyphosate (900 g a.e. ha −1 ) + saflufenacil (25 g a.i. ha −1 ), dicamba (600 g a.e. ha −1 ), dicamba (300 g a.e. ha −1 ) + dimethenamid-P (544 g a.i. ha
), or 2,4-dichlorophenoxyacetic acid (2,4-D; 500 g a.e. ha −1 ) controlled broadleaves and grasses 58%-79%
and 13%-69%, respectively. Contrasting results were reported by Fausey and Renner (2001) , who reported that dicamba provided 72%-95% broadleaf weed control 8 WAA in corn (Zea mays L.). Norsworthy et al. (2009) found that dicamba provided limited residual control of Canada fleabane. Budd et al. (2016) found that an additional herbicide had to be added to saflufenacil (25 g a.i. ha −1 ) for full-season control of Canada fleabane. The lower weed control with 2,4-D, dicamba, and saflufenacil at the time of the POST application is likely due to the limited residual activity of these herbicides. A number of other studies have concluded that a PP residual herbicide applied with a POST application of glyphosate provide effective control of late-emerging weeds (Gonzini et al. 1999; Payne and Oliver 2000; Nurse et al. 2006) . At 3 WAE, several herbicides provided excellent broadleaf and grass control. Seven of the PP herbicide combinations evaluated provided >70% control of all broadleaf species and, of those, three herbicide combinations provided >81% control of all grass weed species ( Table 2 ). The two most efficacious herbicide combinations were tank mixes of: (i) glyphosate (900 g a.e. ha −1 ) + chlorimuron (9 g a.i. ha −1 ) + imazethapyr vided >80% control of all the weeds evaluated in this study. In other studies, Stewart et al. (2011) reported 4%-47% control of velvetleaf, 17%-27% control of common ragweed, 47%-62% control of redroot pigweed, and 37%-49% control of foxtail with PP herbicides including imazethapyr, S-metolachlor/benoxacor + metribuzin, and flumetsulam/S-metolachlor followed by glyphosate.
Density and dry weight
At 3 WAE, several PP herbicides reduced weed density and biomass of both broadleaf and grass weed species (Tables 3 and 4 ). The weed density and biomass values closely reflected the weed control assessments at 3 WAE (Table 2 ). Based on weed density and dry weight, the two most efficacious soil-applied herbicides for the six weeds evaluated in this study were tank mixes of glyphosate (900 g a.e. ha −1 ) + chlorimuron (9 g a.i. ). The most difficult weed to control in this study was common ragweed. Several studies have demonstrated similar findings where the early-season control of common ragweed was 57%-68%, while in contrast, the control of common lambsquarters and redroot pigweed was 80%-88% and 82%-93%, respectively (Stewart et al. 2011; Soltani et al. 2012 Soltani et al. , 2014 .
At 4 wk after the POST application of glyphosate (900 g a.e. ha −1 ), broadleaf and grass control was 91%-100% and 78%-97%, respectively ( followed by glyphosate (900 g a.e. ha −1 ) applied POST all provided >95% control of the broadleaf weeds evaluated in this study. The PP herbicide that provided the lowest numeric control of velvetleaf was 2,4-D (500 g a.e. ha − 1 ), of redroot pigweed was dicamba (600 g a.e. ha −1 ), of common ragweed was pyroxasulfone (100 g a.i. ha −1 ) + sulfentrazone (100 g a.i. ha −1 ), and of common lambsquarters was dicamba (300 g a.e. ha −1 ) + dimethenamid-P (544 g a.i. ha −1 ). All of the two-pass weed control programs provided >90% control of barnyard grass and green foxtail with the exception of saflufenacil (25 g a.i. ha −1 ) and dicamba (600 g a.e. ha −1 ). Glyphosate is a broad-spectrum herbicide and its use following a PP herbicide resulted in excellent control of all the weed species evaluated in this study, which is consistent with other studies (Soltani et al. 2012; OMAFRA 2016b) . At 8 wk after the POST application of glyphosate (900 g a.e. ha ), broadleaf and grass control was 86%-100% and 88%-99%, respectively (Table 6 ). The PP application of saflufenacil (25 g a.i. ha −1 ), imazethapyr/saflufenacil (100 g a.i. ha ) + flumioxazin (96 g a.i. ha −1 ) followed by glyphosate (900 g a.e. ha −1 ) applied POST all provided >95% control of the broadleaf weeds evaluated in this study. The PP herbicide that provided the lowest numeric control of velvetleaf was 2,4-D (500 g a.e. ha −1 ), of redroot pigweed was dicamba (600 g a.e. ha −1 ), of common ragweed was pyroxasulfone (100 g a.i. ha −1 ) + sulfentrazone ), and of common lambsquarters was dimethenamid-P (544 g a.i. ha −1 ) + dicamba (300 g a.e. ha −1 ).
All of the two-pass weed control programs provided >90% control of barnyard grass and green foxtail, with the exception of chlorimuron (9 g a.i. ha ). It is important to note, however, that differences in weed control amongst herbicide programs were still measurable. At 8 WAA, treatments consisting of glyphosate (900 g a.e. ha provided up to 8%, 9%, 11%, and 5% greater control of velvetleaf, redroot pigweed, common ragweed, and common lambsquarters, respectively, compared with the other treatments evaluated. The differences in weed control amongst grass weed species were less apparent, where the greatest difference among herbicide programs evaluated of barnyard grass and green foxtail were 3% and 7%, respectively.
Soybean yield
Where weeds were controlled using dicamba (600 g a.e. ha −1 ) or dicamba (300 g a.e. ha −1 ) + dimethenamid-P (544 g a.i. ha −1 ), soybean yields increased over 139% compared with the weedy control (Table 7) . Several weed control programs resulted in soybean yield that was similar to the weed-free control; these included imazethapyr/saflufenacil (100 g a.i. ha ) applied POST. In other Table 5 . Control of velvetleaf (ABUTH), redroot pigweed (AMARE), common ragweed (AMBEL), common lambsquarters (CHEAL), common barnyardgrass (ECHCG), and green foxtail (SETVI) evaluated 4 wk after postemergence (POST) application in response to a preplant (PP) herbicide application to no-till soybean ground followed by a POST application of glyphosate averaged across three locations in Ridgetown and Woodstock, ON, during 2014 and 2015. 100a  100a  100a  100a  100a  100a  Glyphosate  900  91e  93de  94def  96c  84bc  85c  Saflufenacil   c   25  96cde  96bcd  96cde  95c  93bc  88bc  Imazethapyr/saflufenacil  100  100a  99ab  96cde  99ab  94abc  94bc  Imazethapyr  75  100abc  99ab  95cde  99ab  96abc  94bc  Metribuzin  425  Chlorimuron  9  98abcd  100a  97bcd  99ab  97ab  93bc  Chlorimuron  9  100a  100a  99b  100a  97ab  93bc  Metribuzin  412  Chlorimuron  9  100a  100a  98bc  100a  97ab  96ab  Imazethapyr  75  Pyroxasulfone  100  97bcde  99abc  91f  99ab  97ab  95bc  Sulfentrazone  100  Dicamba  600  94de  89e  98bc  94c  78c  87bc  Dimethenamid-P  544  94de  91de  93ef  93c  91abc  89bc  Dicamba  300  2,4-D  500  92e  90de  95cde  94c  90bc  91bc  Metribuzin  413  100ab  100a  97bcd  99ab  97ab  96ab  Imazethapyr  77  Flumioxazin  96  S-metolachlor/metribuzin  1443  94de  95cde  94def  95c  97ab  94bc  Pyroxasulfone/flumioxazin  160  97bcde  99abc  94def  97bc  95abc  94bc Note: Means followed by the same letter within a column are not significantly different according to Fisher's protected least significant difference test (p < 0.05). -, no value.
a All PP applications included 900 g a.e. ha −1 of glyphosate (Roundup WeatherMAX® 540SL formulation). All treatments received a POST application of 900 g a.e. ha −1 of glyphosate (Roundup WeatherMAX® 540SL formulation) at the V 4 soybean growth stage. c Merge (non-ionic surfactant) was included in the tank at 1 L ha −1 . studies, Soltani et al. (2014) found a lower yield than the weed-free control with two-pass application of glyphosate with chlorimuron or pyroxasulfone/flumioxazin PRE followed by glyphosate POST in conventional GR soybean. Nurse et al. (2006) also found that corn yield increased when a PRE herbicide (flufenacet + metribuzin) was followed by glyphosate compared with glyphosate alone. The soybean yields across the evaluated two-pass weed control programs varied from 86% to 97% of the weedfree control. While some herbicide programs resulted in similar soybean seed yields to the weed-free control, it will be important for farmers to choose a herbicide program that will result in the highest profitability considering the costs of the herbicide program and weed interference on soybean seed yield. For example, while reduced weed interference with chlorimuron (9 g a.i. ha −1 ) resulted in soybean yield that was similar to the weed-free control, it still yielded 14% less or a decrease of 301 kg ha 
Profit analysis
Net revenue among the herbicide programs evaluated varied by $180.13 ha −1 (Table 7) . The following two-pass programs resulted in the greatest and similar net returns: glyphosate + imazethapyr/saflufenacil (100 g a.i. ha c Merge (non-ionic surfactant) was included in the tank at 1 L ha −1 .
(2014) reported that applying PRE herbicides such as atrazine + dicamba alone, atrazine followed by glyphosate, atrazine + S-metolachlor followed by glyphosate, and atrazine + isoxaflutole followed by glyphosate applied POST had comparable EI to applying glyphosate twice. Because of the low cost of glyphosate, sequential applications of glyphosate applied alone have been an attractive herbicide program for many years. While it may provide farmers with a simple and cost-effective herbicide program in the short term, it will greatly increase the risk of selection for GR weed biotypes and should be avoided.
Environmental impact
The EI values of the herbicide programs evaluated ranged from 27.5 to 43.4 (Table 7) , which would be classified as medium-to high-risk (Stewart et al. 2011; Beckie et al. 2014) . While the EI for all treatments appear to be quite high, much of the EI for each treatment can be accounted for by the sequential applications of glyphosate. This doesn't mean that the EI values should be dismissed. If a weed management practitioner planned to use a sequential application of glyphosate, there wouldn't be a substantial increase in EI if chlorimuron (9 g a.i. ha −1 ) and metribuzin (412 g a.i. ha −1 ) or chlorimuron (9 g a.i. ha −1 ) and imazethapyr (75 g a.i. ha −1 ) were added to the weed management program. By doing so, there would be a modest increase in net revenue, a significant improvement in weed control, a reduction in the selection of GR weed biotypes, and a slight increase in EI.
Conclusion
In conclusion, there are several herbicide options available that provide excellent control of a wide range of broadleaf and grass weed species in no-till dicamba- Note: Means followed by the same letter within a column are not significantly different according to Fisher's protected least significant difference test (p < 0.05).
-, no value.
a All preplant applications included 900 g a.e. ha −1 of glyphosate (Roundup WeatherMAX® 540SL formulation). All treatments received a postemergence application of 900 g a.e. ha −1 of glyphosate (Roundup WeatherMAX® 540SL formulation) at the V 4 soybean growth stage. c Merge (non-ionic surfactant) was included in the tank at 1 L ha −1 . resistant soybean. Weed management programs that provided excellent early-season weed control generally resulted in the highest soybean yield. Despite having the highest soybean yield, these herbicide programs did not always result in the highest net returns due to the cost of the herbicides. The weed control programs that provided the greatest control also had the highest EI. It is attractive for producers to choose herbicide programs that provide higher net returns and are simple to manage, such as sequential applications of glyphosate, but weed management practitioners must be aware of the risks of utilizing only one herbicide mode of action. The use of multiple modes of action is recommended to reduce the selection intensity for herbicide-resistant weeds. Dicamba provided early-season suppression of many broadleaf weeds and was similar to current industry standards in respect to soybean yield and net revenue. As glyphosate-resistant weeds spread across Ontario, dicamba-resistant soybean and the concomitant use of dicamba will be a valuable weed management tool in the future.
